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Abstract
Wear-resistant FeNiCrAlBRE/Ni95Al composite coatings were deposited on carbon steel plate by high velocity arc
spraying. Adhesive strength of the composite coating was improved by spraying Ni95Al cored wires as transition
layer between working coating and substrate. Scanning electron microscopy and Vickers hardness testing were used
to evaluate coatings structure and mechanical properties. For quantitative investigation of porosity, a computer image
analyzer was used. The forming, the wear resistance and its mechanism of the coatings were studied. The results
show that coating has relatively high average hardness about 550 HV0.1 and adhesive strength is 47 MPa. The worn
surface characterized shallow grooves and few of debris on the coating manifested that the coating has better wear
resistance under dry sliding conditions.
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1 Introduction
Although Fe-based intermetallic materials have been exploited in a number of applications for their
chemical, magnetic, optical and semiconducting, the problems associated with low ductility and/or
fracture toughness, which have limited the applications of these alloys for structural uses (Cahn, 2001).
The initial references in the literature carried out by Aoki and Izumi (Aoki and Izumi, 1979) who
discovered that small additions of boron to intermetallic materials improved significantly its poor ductility.
Recent studies have actually proved that wear resistance of aluminide coatings is improved by the
addition of rare earth elements, such as in the case of FeAlCr(Y) (Zhang and Li, 2000). Kohr et al. found
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that Cr reduces the modulus of the NiCrAlY alloy and improves the oxidation/abrasive resistance (Khor
and Chia, 2000).
In order to improve the adhesive strength of the spraying coating, Ni95Al alloy wire was sprayed as a
transition layer between the working coating and substrate. Nickel aluminide was usually selected so that
it not only has very strong adhesion, but also their thermal expansitivies lie between the working coatings
and the metal substrate, thereby reducing the thermal mismatch (Culha and Celik, 2008). On the other
hand, the exothermic reaction will occur among Al and Ni at high temperature of the arc, which will
release amounts of heat so that the surface of the substrate or previously deposited layer are heated to the
molten state and good bonding between the coatings and the substrate can be obtained (Senderowski and
Bojar, 2006).
In this paper, wear-resistant FeNiCrAlBRE/Ni95Al composite coatings were deposited on carbon steel
plate by high velocity arc spraying. The microstructure of the coating was characterized. The adhesive
strength of the composite coating was investigated. Tribological behavior of composite coating based
coatings against GCr15 ball under sliding at room temperature.
2 Experiment materials and methods
The substrate material was AISI 1045 steel plate, which size was 100×100×10mm. Ni95Al alloy wires
were sprayed as transition layer by high velocity arc spraying. Fe-based cored wires (FeNiCrAlBRE) of 2
mm diameter were sprayed on the surface of the transition layer. The arc spraying process was executed
at an air pressure of 0.6 MPa, 34V spray voltage, 160A current and 180mm spray distance.
Microstructure and composition analysis were examined using Quant 200 type scanning electron
microscope (SEM) coupled with an energy dispersion spectroscope (EDS).The phases of coatings were
studied by using a Bruker D8 Advance (Germany) diffractometer. For quantitative investigation of
porosity, a computer image analyser was used.MT-3 digital hardness apparatus was used to measure
the hardness values distribution of the laminated composite before and after the remelting process. In this
work, the loading stress and time are 100N and 15 s, respectively. The testing equipment is WE-10A
universal tensile testing machine. During the test, the loading rate was 0.3mm/min and the begging load
was 10N.
The dry sliding wear test of the AISI 1045 steel matrix and the FeNiCrAlBRE/Ni95Al composition
coating were performed using the CETR Micro-tribological testing machine under a load of 50N. The
coatings of the rectangular specimens were polished to 0.4mm in thickness and achieved the surface
roughness of Ra=3.2. The upper counterbody was a GCr15 ball with 65HRC and 4mm in diameter and
the motion frequency of 5Hz and displacement amplitude of 5mm. The testing mechanism is linear
reciprocating ball-on-flat sliding. In the last case, every wear morphology characterization photo and
volume loss of the samples was observed by VK-9700 3D Laser scanning microscope.
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3 Results
3.1 Microstructure and composition of the composite coatings
Fig.1 Microstructure and EDS analysis of FeNiCrAlBRE/Ni95Al composition coating; (a) FeNiCrAlBRE/Ni95Al coating, (b)
FeNiCrAlBRE coating, (c) line scan energy element distribution between the composite coating and substrate, (d) Fe element, (e) Ni
element, (f) Al element
Fig.1 (a) shows the interface microstructure morphologies of the FeNiCrAlBRE/Ni95Al composite
coating with lamellar structure only a few of pores exists in the upper site. The white part near substrate is
the Ni95Al transition coating which has dense structure and the plate and working coatings is bonded
closely to them. The main reason is the high temperature of the arc and, as a result, formation of melted
and semi-melted particles during the spraying process that would strike the substrate with high speed. In
addition, the hot particles are splashed and stick together leading to a good bond strength between them
(Fern´andez and Fern´andez, 2003).The porosity of the coatings measured by image analysis software is
about 3.74%.
Section morphology of the coating is shown in Fig.1 (b). The working coating display good integrity.
No large pores were observed. Quantitative EDS technique was used to identify the elemental
compositions of region A (Fig.1 (a)) has few of O elements. The transition layer with low oxidized has
beneficial to improve the coating cohesive property. The composition of region B (fig.1 (b)) is Fe (67 wt.
%), Ni (23.4 wt.%), Al (11.8 wt.%), Cr (7.58 wt.%) and O (5.46 wt.%).
Fig.1 (c) shows the dominating elements distribution status of the composite coating. Fig.1 (d), (e), (f)
are the line scan energy element of Fe, Ni and Al respectively. We can see from fig.1 (c), the alloy atoms
have diffused between the splats or forming enrichment zone in the interface between coating and the
substrate. The transition layer hindered the oxidation of the coating and the substrate. Therefore, the
Ni95Al interlayer improves the coating adhesive property and prevents the coating spalling from the
substrate.
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3.2 Mechanical property
The pyramidal indenter distributed on the cross-section of the coating is shown in Fig.2 (a). The cracks
propagated from the corners of the indentation were not obvious found. The experimental findings
indicated that higher adhesion of the coating lamellar structure. Microhardnesses of the
FeNiCrAlBRE/Ni95Al composite coating are given in Fig.2 (b). The hardness of the substrate (AISI 1045
steel plate) was measured 220 HV0.1 and the values obtained on the composite coating cross-section were
mostly in the range of 480-600 HV0.1 as a function of distance from the coating interface to surface. The
average microhardness of the coating is at least 2.5 times higher than for the substrate materials. This is
explained by the dense structure free of pores and few of oxidizing during the spraying process.
Nonetheless, the high hardness of the composite coating is attributed to the coating contained Fe, Cr, Ni,
and Al atoms and FeAl or NiAl intermetallic compounds were as a result of the thermodiffusion activated
by the high temperature of the arc spraying.
Fig.2 Microhardness profile of the composite coating; (a) hardness pressure mark distributed in the cross-section, (b) microhardness
of the coating
One of the main issues in the coating characterization is the adhesion of coating to the substrate.
Coatings will have peeling, scaling, or even fail with lower adhesion strength. The average adhesion
strength value in this research is 47 MPa means the strength between coatings and substrate steel plate.
The FeNiCrAlBRE/Ni95Al composite coating with good adhesion strength is attributed to Ni95Al wire
alloy sprayed as transition coating has the property of self-felt (Deng and Yu, 2011). The exothermic
reaction will occur among the components at high temperature of the arc, a large amount of heat is
released so that the surface of the steel plate is heated up to the molten state, good bonding strength
between coating and substrate.
3.3 Dry sliding wear resistance
The worn surface morphologies are related to the wear mechanism. The worn composite coating surface
under larger load (50N) and 5Hz was shown in Fig.3. From Fig.3 (a) it can see that relatively shallow
grooves, running parallel to the sliding direction of the ball. The grooves in the coating were generally
short and smooth and there are few of worn debris or big pits exist in the worn surface (Fig3. (b)). Seen
from the high magnification worn surface (Fig.3 (c)), excluded the grooves, crater-like pits were observed
on the surface. Furthermore, higher magnification showed that the cracks in the coating initiated between
the interfaces of splats, between the boundaries of inclusions and the splats or at the edges of pores.
Therefore, porosity, oxide inclusions and the quality of bonding between individual splats appeared to be
dominant parameters in controlling the amount of material loss.
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Fig.3 SEM micrographs of the worn surface; (a) entirety, (b) partial, (c) magnify
Well-known is that the wear resistance of the coating has related such as the microstructure and the
worn experiment parameter. Under the dry sliding conditions, the contact stresses on the sliding surface
of the FeNiCrAlBRE/Ni95Al coating are as high as the cohesive strength of inter-splats (Chen and Xu,
2008). At the first stages of sliding, splats adjacent to contact surfaces deform and elongate in the
direction of sliding; at subsequent stages more deformation is induced, especially at the elongated tips of
splat; at last, the splat tips cause fracture and fragmentation, and lead to entire splat removal (Fang and li
2008). Finally, the worn coatings were the results of fracture of splats due to severe plastic deformation at
the tips of the splats.
4 Conclusions
Wear-resistance FeNiCrAlBRE/Ni95Al composite coating, Ni95Al alloy wire sprayed as a transition
layer between working coating and substrate steel carbon plates, were successfully deposited by high
velocity arc spraying technology. The composite coating characterized with dense structure free of pores
and micro cracks. The coating has relatively high average hardness about 550 HV0.1 and adhesive strength
is 47 MPa. The worn surface characterized shallow grooves and few of debris on the coating manifested
that the coating has better wear resistance under dry sliding conditions.
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